An automated column-switching liquid chromatographicelectrospray ionization-mass spectrometric (LC-ESI-MS) method has been established for the determination of methamphetarnine (MA) and its metabolites, amphetamine (AP), and p-hydroxymethamphetamine (p-OH-MA) in hair. The combination of an N-vinylacetamide-containing hydrophilic polymer online extraction column, an SCX semi-micro LC column, and an electrospray ionization interface provided the successful concentration, separations, and highly sensitive MS determinations of these analytes in a hair extract without tedious sample pretreatments. The limits of detection of these analytes were 0.02 ng/mg and 0.1-0.2 ng/mg in the selected-ion monitoring (SIM) and full-scan modes, respectively, when using a 100.pL hair extract sample that corresponds to a 2.5-mg sample of hair. The calibration curves using dibenzylamine as an internal standard were linear up to 30 ng/mg hair equivalents for all these analytes in the SIM mode. p.OH-MA, the detection of which in/VIA users' hair had not been previously reported, was detectable in all 22 hair specimens/sections from which I ng or more of MA was detected per milligram hair. The amount of p-OH-MA detected per milligram of hair is presented with those of MA and AP among the MA users population. The detection of AP and pOH-MA, in addition to the parent drug MA with reasonable ratios, was found to be a useful indicator for distinguishing internal A4A incorporation from external contamination.
Introduction
Methamphetamine (MA) is the most prevalent illicit drug in northeast Asia (1), and it is becoming a more serious problem " Author to whom correspondence should be addressed: Akihiro Miki, Ph,D,, Forensic Science Laboratory, Osaka Prefectural Police Headquarters, I-3-I 8 Homrnachi, Chuo-ward, Osaka 54143053, Japan. E-mail: CZD131 t 6@niffy.ne.jp.
throughout Asian and Pacific countries. In order to combat the use of this drug, hair analysis for MA, in addition to conventional urine analysis, is becoming an indispensable tool of drug enforcement procedures in Japan and some other countries (2) . In fact, the detection of a substantial concentration of MA in hair is increasingly employed as evidence of chronic MA use in Japan's law courts.
Hair analysis for MA is primarily conducted by using gas chromatography-mass spectrometry (GC--MS) (2-5) because of its high specificity and sensitivity. However, such GC-MS procedures involve rather tedious sample preparation: appropriate purification of hair extracts/digests [e.g., by solid-phase extraction], followed by derivatization under anhydrous conditions (2, 3, 5) are necessary. Also, Japan's authorities highly recommend that hair analysis have a combination of two different specific analyses based on different principles when it is employed as legal evidence of drug use. Thus, there is a need for a sensitive and specific alternative method for detecting amphetamines (APs) in hair.
Recently, high-performance liquid chromatography-mass spectrometry (HPLC-MS) has been increasingly utilized as a promising analytical tool to identify a wide range of compounds (6, 7) such as APs and their metabolites (8) in biological samples. Few papers (9, 10) , however, describe the applications of LC--MS for hair analysis for drugs, and these methods still require sample preparation that is as tedious as that for GC--MS. In analytical circles, column-switching online SPE is becoming a popular technique to directly determine with an enhanced sensitivity various analytes in biological matrices, such as blood and urine (11, 12) . By combining this methodology with LC-MS, the author's group has established rapid and sensitive methods for identifying APs (13--15) , opiates (16) , and benzodiazepines (17) in urine. The main advantages of this column-switching technique include sensitivity improvement and potential timesaving because of automated online SPE.
This study aims to establish a column-switching LC-MS method that allows rapid and sensitive determination of MA and its metabolites in hair after simple sample preparation. Utilizing the established method, p-hydroxymethamphetamine (p-OH-MA) was for the first time determined, in addition to MA and AP, in a number of MA users' hair specimens.
Experimental

Chemicals and reagents
d-MA hydrochloride and dl-AP sulfate were purchased from Dainippon Pharmaceutical (Osaka, Japan) and Takeda Pharmaceutical Industries (Osaka, Japan), respectively. Hydrochloride salt ofdl-p-OH-MA was synthesized according to the method of Buzas et al. (18) . A stock standard solution containing these three analytes (1.0 mg/mL each) was prepared in water, and was used for preparing spiked hair extract samples. Dibenzylamine, used as an internal standard (IS), was purchased from Wako Pure Chemical Industries (Osaka, Japan). A 0.1-1Jg/mL aqueous solution of dibenzylamine (IS) was prepared by diluting stock solution in succession with methanol (to 1 mg/mL), 0.1N HCI (to 100 IJg/mL), and water (to 0.1 IJg/mL). Among the analogues (hydrochloride salts) of the target analytes tested, d-dimethylamphetamine was synthesized according to the method of Inoue et al. (19) . 3,4-Methylenedioxyamphetamine (MDA) and 3,4-methylenedioxymethamphetamine (MDMA) were provided by Japan's ministry of health and welfare, d-Ephedrine and d-pseudoephedrine were obtained from Alps Yakuhin (Gifu, Japan). dlMethylephedrine, dl-phenylpropanolamine, dl-methoxyphenamine, and phenethylamine were obtained from Kansai Yakuhin (Osaka, Japan), Tokyo Kasei (Tokyo, Japan), Nihon Shinyaku (Tokyo, Japan), and Nacalai tesque (Kyoto, Japan), respectively. All organic and inorganic reagents used were of analytical grade or better quality. Deionized, distilled water and HPLC-grade acetonitrile were used throughout the experiments.
Specimens
Fifteen possible MA users' scalp hair specimens included in this study had been submitted to our laboratory for forensic hair analysis and found to be positive in immunoassay screening for MA by the present authors' method (the cutoff being 1.0 ng/mg as MA) (20) . These samples included a heavy user (User A) and a light user (User B). The other two scalp hair specimens used for the sectional analysis were voluntarily provided by a 25-year-old female and a 20-year-old male, respectively, and then sampled according to the procedure described by Denk et al. (21) . Both admitted to the use of MA for more than one year.
Drug-free hair specimens were sampled from four volunteers (aged 11 to 50 years) who had not come into contact with MA or AP. These blank hair samples were confirmed to be AP-free by GC-MS [limit of detection (LOD), 0.02 ng/mg] before use as drug-free hair samples.
Sample preparation
Hair specimens were cut into lengths of 2-3 ram, mixed thoroughly, and precisely weighed 10-rag portions were placed into screw-capped test tubes. After initial washing with 0.1% sodium dodecyl sulfate, the samples were each decontaminated three times with 1 mL of distilled water and 1 mL of methanol (1 min each in succession, using ultrasonication). The final methanol washes were stored and examined to ensure decontamination, in the same manner as hair extracts mentioned. To extract analytes from specimens, 1.0 mL methanol/5M HCI (20:1, v/v) solution was added into the test tubes, and the washed hair specimens were soaked overnight at 50~ applying ultrasonication (only for the first 1 h and final 30 min during the extraction). The extract solutions were separated into disposable glass vessels and were evaporated to dryness under a nitrogen stream in an ATLAS automated sample preparation system (Shimadzu, Kyoto, Japan). The extracts were reconstituted in 400 IJL of 0.1 IJg/mL dibenzylamine (IS) aqueous solution prepared as described previously. After filtration through a 0.45-1Jm membrane filter, a 100-1JL aliquot was automatically injected into the instrument. For the users' hair specimens, GC-MS was also performed after purification by SPE, followed by trifluoroacetylation, according to the present writers' previous papers (20, 22) . The optimization of analytical parameters, the construction of calibration curves, and the method validation were performed using spiked hair extract samples at known concentrations (0, 0.02-30 ng/mg hair equivalents). The spiked samples were prepared by the addition of an appropriate amount of the stock standard solution (dilutions were made as needed) during the soaking of drugfree hair samples in methanolic hydrochloride solution.
Instruments
LC-MS was performed on a Shimadzu LCMS-QP8000 HPLC-quadrupole MS equipped with an SIL-10AD auto injector, three LC-10AD pumps, and a CTO-10A column oven with a six-port column-switching valve, and an electrospray ionization (ESI) interface. The online extraction column employed was a Shodex MS-pak PK-2A(N-vinylacetamide-containing copolymer gel, 10 mm • 2.0-mm i.d; Showa Denko, Tokyo, Japan). The mobile phase A used for on-line extraction was 5raM ammonium acetate (NH4OAc) (at a flow rate of 0. 
Results
LC-MS optimization
LC conditions. In our previous experiments (13), 14.3mM NH4OAc (adjusted to pH 4 with formic acid)/acetonitrile (35:65, v/v) was the optimal eluent for the LC-MS determination of dimethylamphetamine and its urinary metabolites including MA and AP. To reach the optimum peak separation and ESI-MS sensitivity for the current analytes, the effects of acetonitrile concentration, NH4OAc concentration, and pH were investigated considering the aforementioned conditions. As expected, higher acetonitrile and NH4OAc concentrations resulted in shorter retention times and somewhat poorer peak separations. Acetonitrile concentrations lower than 60% resulted in unsatisfactory ESI-MS responses to MA, AP, and p-OH-MA; the sensitivities at the concentrations of 60% and 50% were approximately 80% and 50% of those with 70% acetonitrile. On the other hand, an acetonitrile concentration of 70% with any NH4OAc concentration gave unsatisfactory chromatographic result. Considering moieties of the analytes, the effect of pH was also investigated between pH 3.5 and 6.5 by adjusting it with formic acid. Lower pH values resulted in somewhat shorter retention times, and this effect was greater with p-OH-MA. Based on the results of these optimizations, 12.5mM NH4OAc (adjusted to pH 4.0 with formic acid)/acetonitrile (40:60, v/v), which provided appropriate capacity factors (k' values being 15.2-18.4), optimal peak separations, as well as sufficient ESI-MS sensitivity, was chosen as the mobile phase.
Online SPE. An SCX-type and a hydrophilic polymer-type precolumn, both of which provided semiquantitative recoveries of the analytes in the preliminary experiment, were compared on the basis of online extraction efficiency. Although the SCX precolumn produced cleaner background, the noise level with the hydrophilic polymer precolumn was still negligible even when detecting trace-level APs in hair extracts. Also, the hydrophilic polymer precolumn not only provided slightly better peak separations, but also allowed a rather large flow rate of 0.7 mUmin, which is advantageous for timesaving in online extraction. Thus, the hydrophilic polymer precolumn was chosen for the online extraction. With the mobile phases described, this precolumn retained the analytes, and most of the hair matrices were eluted to waste during the first 3 rain. The switching of the valve at 4 rain back-flushed the enriched analytes and transferred them onto the analytical column. The separation of the three analytes and dibenzylamine (IS) was satisfactorily achieved, and these compounds were eluted between 15 and 22 rain after the column switching. Figure 1 shows the LC-ESI-MS chromatograms of AP, MA, and p-OH-MA spiked to a blank hair extract at 4 ng/mg hair equivalent.
Interface and MS parameters. Among various types of interfaces, ESI was employed because of its high sensitivity for ionic or polar analytes such as APs. The CDL and deflector (or cone) voltages, both of which strongly affect the sensitivity and frag- mentation, were optimized by the flow-injection method using aqueous solutions of ]VIA, AP, and p-OH-MA at 1 IJg/mL each as samples. The CDL and deflector voltages were varied from -15 to -50 V and from 20 to 55 V, respectively. The abundance of protonated molecular ions peaked when the CDL and deflector voltages were set at -30 V and 30 V respectively. Higher deflector voltage resulted in a lesser abundance of protonated molecular ions and stronger fragmentation of the three analytes. At a deflector voltage of 40 V, the abundance of the molecular ions decreased to approximately 25% of those at 30 V, but characteristic fragment ions due to ~-and C-N cleavages were observed, which provided the best-level identification. Therefore, the deflector voltage was set at 40 V for identification and 30 V for quantitation. Figure 2 shows the ESI-MS spectra of MA, AlP, andp-OH-MA at both deflector voltages. Online extraction recoveries. In order to evaluate the efficiency of the online extraction, the recoveries of the three analytes from hair extract samples were evaluated. Aliquots (100 pL) of drug-free hair extract samples spiked with the target analytes and the IS at 12.5 ng/mL and 0.25 IJg/mL (0.5 and 10 ng/mg hair equivalents) were analyzed with the online extraction method, and the peak areas were compared with those obtained without online extraction, from 10-1JL injections of diluted standard solutions containing the same amounts of analytes. The resuits are listed in Table II . Although the recovery ofp-OH-MA at 0.5 ng/mg hair equivalent was 93.8%, semiquantitative recoveries (> 95%) were observed for all the analytes and the IS, even at a concentration of 0.5 ng/mg hair equivalent.
Quantitative effectiveness and sensitivity. LC-MS, especially for forensic purposes. Dibenzylamine, which behaved almost identically as the analytes and eluted near the target analytes, was thus employed as the IS to evaluate the quantitative effectiveness of the present method and was then to be utilized for the quantitation. The calibration curves constructed for MA, AP, and p-OH-MA were linear (r > 0.9995) over the range of 0.02-30 ng/mg hair for all of these analytes. Within-day and between-day relative standard deviations (n = 4) at the concentration of 2.0 ng/mg hair equivalent were 4.0% and 4.8% for MA, 4.8% and 5.2% for AP, and 4.1% and 4.6% for p-OH-MA, respectively.
The LODs of MA, AP, and p-OH-MA in the full-scan and SIM modes at deflector voltages of 30 and 40 V are listed in Table III . In this case, LOD was defined as the concentration at which the characteristic ions indicated in Figure 2 (except for m/z 107 for p-OH-MA) were detectable on the corresponding mass chromatogram at SIN = 3 or greater.
Application to forensic hair analysis
Analysis of MA users'hair samples. A total of 15 MA users' hair samples that gave a positive screening result by the present writers' immunoassay method (the cutoff being 1.0 ng/mg as MA) were analyzed accordingly. Figures 3 and 4 show typical results obtained from hair samples from MA Users A and B, who were heavy and light users, respectively. All of the data were acquired at the deflector voltage of 40 V to observe characteristic fragment ions, in the full-scan and/or SIM modes. Satisfactory full-scan mass spectra were obtained even for the less abundant analyte p-OH-MA for User A, but a satisfactory full-scan mass spectrum was obtained only for the most abundant analyte MA for User B. For User B, a typical light user, the detection of AP and p-OH-MA required the SIM mode detection to enhance sensitivity. The amounts of MA, AP, and p-OH-MA detected from 15 hair specimens are listed in Table IV . p-OH-MA was detected in all 15 samples, in addition to MA and its well-established metabolite AP.
As listed in Table IV , the amounts of the three analytes detected per milligram hair range very widely. Therefore, it is recommended that an SIM measurement at a deflector voltage of 30 V (for quantitation) should first be carried out, followed by either full-scan or SIM measurement, depending on the concentrations, at a deflector voltage of 40 V (for confirmation) (Table III) .
Application to the sectional hair analysis. The present LC-MS method was applied to the sectional analysis of two other MA users' hair specimens (C and D) in order to ensure its reliability and utility. Specimen C (12-16-cm lengths)
II~A MA method. One-milliliter disposable glass vials for the autosampler of the LC-MS instrument were used for the washing and extraction of hair (cut into about 3-mm lengths) for minimizing sample loss and preventing contamination. After the evaporation of methanolic HC], the extract was reconstituted in 100 pL water containing 10 ng IS, and the entire volume of the sample was injected into the instrument. Figure 5 presents the mass chmmatograms obtained in the SIM mode from the hair extract and the final methanol wash (for ensuring decontamination).
Although the detection ofp-OH-MA was unsuccessful, MA and AP were clearly detected. The amounts of these analytes detected per milligram hair were estimated to be about 50 ng/mg for MA and 4 ng/mg for AP. mobile phase) or an SCX column (in combination with a highorganic mobile phase) (6) (7) (8) (13) (14) (15) . Also, it is well established that ESI-MS provides high sensitivity for ionic, or polar analytes, such as APs. According to our previous studies (13, 14) , a combination of a semi-micro SCX-type LC column, a mobile phase with a high organic modifier concentration, and an ESI interface provides the highest sensitivity most suitable for detecting trace-level amine compounds. This is because the use of a high organic mobile phase, which works more effectively with SCX columns than with reversed-phase columns, is advantageous for highly sensitive ESt-MS detection. Also, SCXtype columns effectively retain and separate positively charged analytes and provide cleaner chromatograms, whereas reversed-phase columns tend to trap various types of cornpounds, which may co-elute with analytes of interest. In this study, therefore, an SCX-type semi-micro LC column was employed in combination with a mobile phase containing high acetonitrile concentration, and an ESI interface. Although the use of an SCX column is advantageous for analyzing APs, a combination with an isocratic high-organic mobile phase tends to suffer from unsatisfactory chromatographic separation when compared with a C18 column with gradient elution. Therefore, careful optimization was carried out for mobile phase, and 12.5mM NH4OAc (adjusted to pH 4.0)/acetonitrile (40:60, v/v) was found to be the optimum.
Discussion
LC-MS conditions
Online extraction precolumn
Various types of online extraction precolumns, such as re- versed-phase, SCX, gel filtration chromatography (GFC), and hydrophilic polymer-type precolumns, can be utilized for the column-switching LC of drugs in biological matrices. Although reversedphase-type columns should be utilized with a neutral or slightly acidic mobile phase, such conditions do not seem to be advantageous for perfectly trapping APs. GFC precolumns were also excluded after preliminary experiments because of their weaker retention capabilities for polar APs. Therefore, an SCX-type and a hydrophilic polymer-type precolumn were compared for the extraction and chromatographic efficiencies. As a result, the former provided cleaner background. This was probably because most interfering substances in hair extract were either neutral, anionic, or bipolar, and the use of an SCX precolumn is advantageous in extracting amines in such matrices. On the other hand, the hydrophilic polymer precolumn appeared to retain a wide range of substances, and most of these matrices were eluted with high-organic mobile phase after columnswitching. Although either the SCX or hydrophilic polymer precolumn could be employed, the latter was chosen because of its advantages in peak separation and allowable flow rate (up to approximately 1.0 mL/min). The N-vinyl acetate containing precolumn sorbent with macroreticular structure contributes to its superior and specific retention capability for aqueous drug analytes and to its satisfactorily large allowable flow rate.
Utility of the present method
As mentioned earlier, hair analysis for drugs should have a combination of two different specific analyses when its result is to be employed as legal evidence of drug use. To fulfill the requirements, we have adopted thin-layer chromatography, ion mobility spectrometry (22) , and/or immunoassay (20) as subordinate analytical techniques, in addition to the essential tool GC-MS. Because hair specimen sets are composed of non-uniform fragments, the amounts of a drug detected in equally subdivided sample portions may differ somewhat even where the hair specimen had been cut into 2-3-ram lengths and had been mixed thoroughly before subdividing. However, good agreements in the quantitation results between such different analyses contribute to indisputable proof of drug use when it is to be used as legal evidence. As described previously, fairly good agreements are demonstrated between GC-MS and LC-MS determination (Table V) . Because of its best-level specificity and sensitivity, the present LC-M$ method would serve as the preferred constituent for such a forensic hair analysis.
The most significant advantages of hair analysis for drugs include its capability for assuming the subject's drug use history via sectional analysis. The determination of drugs in each hair section has usually been carried out by GC-MS. However, the purification and derivatization processes after extraction are almost mandatory before GC-MS, which makes sectional analysis increasingly labor-intensive. Because of the columnswitching online extraction methodology, the present method does not need such tedious pretreatment. Also, as shown in Figures 1, 3, 4 , and 5, this method provides cleaner background for hair samples when compared with those by GC-MS, which appeared to be advantageous in detecting trace-level analytes in hair. Therefore, this LG--MS methodology was found to be an effective alternative for determining drug concentrations in each section of hair.
p-OH-MA as an indicator for distinguishing internal MA incorporation from external contamination
Common urinary metabolites of MA include AP and p-OH-MA, and AP has usually been detected in MA users' hair samples. Although the existence ofp-OH-MA could have been expected in MA users' hair, the detection of p-OH-MA in hair has not been previously reported. In this study, therefore, the determination of this metabolite, in addition to MA and AP, was attempted by using the present LC-MS method.
As listed in Table IV , p-OH-MA was detected in all of the MA users' hair samples that were positive in the screening (the cutoff being 1.0 ng/mg as MA) (20) . The ratio of p-OH-MA to MA ranged from 0.0067 to 0.11 (mean = 0.041), whereas that of AP to MA ranged between 0.015 and 0.15 (mean = 0.050). Because the LODs of p-OH-MA and AP are both 0.02 ng/mg (in the SIM mode; deflector voltage, 30 V), it was concluded that p-OH-MA is mostly detectable, in addition to AP, in MA users' hair samples from which 1.0 ng/mg or more of MA is detectable. (In our opinion, the cutoff level of MA should be set at 1.0 ng/mg or higher in the CC-MS confirmation of/VIA when the result is used as legal evidence to present a charge of MA use.)
In hair analysis for drugs of abuse, the external contamination (e.g., surface contact) should be distinguished from the endogenous incorporation by the intake of the drug (23) . For this purpose, AP has been a commonly monitored rnetabolite in hair analysis for proving MA intake. However, even ifAP is detected in hair, it cannot be concluded that it originated from the metabolism of MA. It is a legitimate question whether AP detected in hair originated from the metabolism of MA, the intake of AP itself, or the thermoconversion of MA to AP during the smoking use of MA (passive exposure of hair to MA in the environment, for example); thus, both internal and external exposure should be considered. On the contrary, p-OI-I-MA is not usually produced in the thermoconversion of MA (24, 25) . Therefore, the detection of both metabolites, AP and p-OH-MA, in addition to the parent drug MA with reasonable ratios, were found considered to be useful indicators for proving MA use by means of hair analysis.
Conclusions
Hair analysis for drugs and metabolites increasingly draws attention, especially in the forensic field. In such an analysis, GC-MS serves as the "gold standard" for determining drugs and metabolites in hair because of its good sensitivity and specificity. However, it still requires rather skilled sample handling, especially purification and derivatization processes. For that reason, an automated column-switching LC-MS method was established for the simultaneous determination of MA, AP, and p-OH-MA in MA users' hair extracts. The present method not only provides the accurate determination with an enhanced sensitivity of these analytes without tedious sample preparation, but also allows the determination of p-OH-MA that would be an effective indicator for distinguishing MA use from external contamination. Thus, this LC-MS method was found to be a useful tool for hair analysis m/z --1 3 6 x 3 150xl --1 6 6 x 3 --1 1 9 x 3 91x3 135x3 198xl
